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The requirements for SIV particle assembly and envelope incorporation were investigated using a baculovirus expression
system. The Pr56gag precursor protein expressed under control of the polyhedrin promoter (pPolh) produced high levels of
immature retrovirus-like particles (VLP) upon expression in Sf9 insect cells. To determine the optimal conditions for envelope
protein (Env) incorporation into VLP, two recombinant baculoviruses expressing the SIV envelope protein under control of
a very late pPolh or a hybrid late/very late capsid/polyhedrin (Pcap/polh) promoter and a recombinant expressing a truncated
form of the SIV envelope protein (Envt) under the hybrid Pcap/polh promoter were compared. We have observed that
utilization of the earlier hybrid promoter resulted in higher levels of Env expression on the cell surface and its incorporation
into budding virus particles. We have also found that the Envt protein is transported to the cell surface of insect cells and
incorporated into VLP more efficiently than full-length Env. In addition, we examined the effect of coexpression of the
protease furin, which has been implicated in the proteolytic cleavage of the Env precursor gp160 in mammalian cells.
Coexpression of furin in insect cells resulted in more efficient proteolytic cleavage into gp120 and gp41, and the cleaved
proteins were incorporated into VLP. q 1995 Academic Press, Inc.
INTRODUCTION induce HIV-specific humoral and cellular immunity in rab-
bits (Haffar et al., 1991) and can inhibit virus production
Assembly of SIV, like other members of the lentivirus
in latently infected peripheral blood mononuclear cells
genus of retroviruses, takes place by a budding process
from HIV-1-seropositive donors (Haffar et al., 1992). For-
at the cellular plasma membrane. Studies with several mation of retrovirus-like immature particles upon expres-
retroviruses have demonstrated that the Gag protein ex- sion of the Gag precursor in insect cells using baculovi-
pressed in the absence of other viral components is self- rus vectors was demonstrated by several groups (Del-
sufficient for particle formation and budding at the cell chambre et al., 1989; Luo et al., 1990; Royer et al., 1991;
surface (Wills and Craven, 1991). Immature particles un- Morikawa et al., 1991). These Gag particles resemble
dergo a process of maturation by the viral protease in- immature lentivirus particles and are efficiently assem-
volving cleavage of the Gag precursor into the structural bled and released by budding from the insect cell mem-
proteins—matrix, core, and nucleocapsid proteins (Wills brane. In contrast to the expression in mammalian cells,
and Craven, 1991). It has been reported that the N-termi- inclusion of the protease region in Gag-expressing vec-
nal region of the Gag precursor is a targeting signal for tors in the baculovirus system leads to overexpression
transport to the cell surface and membrane binding, of the protease and early processing of the Gag precur-
which is required for virus assembly (Yuan et al., 1993; sor into mature structural proteins within insect cells,
Zhou et al., 1994). The mechanism of specific incorpora- which prevents particle formation (Morikawa et al., 1991;
tion of envelope protein (Env) in the virus particles is not Hughes et al., 1993).
understood, but interaction of Env with the matrix protein The expression patterns of envelope glycoproteins of
p17 seems to be important (Yu et al., 1992; Dorfman et retroviruses in the baculovirus system also have several
al., 1994). unusual features in comparison to expression in mam-
Assembly of recombinant HIV-like particles that con- malian cells. These proteins are cleaved very inefficiently
tain Gag structural proteins as well as Env glycoproteins and are mainly cell associated (Rusche et al., 1987; Wells
gp120 and gp41 was previously reported using the vac- and Compans, 1990; Hu et al., 1987). However, HIV-1 Env
cinia virus expression system (Haffar et al., 1990; Vzorov proteins produced in insect cells are immunologically
et al., 1991). It has been reported that these particles and biologically active, as demonstrated by their ability
to react specifically with immune serum (Hu et al., 1987)
and to induce syncytium formation upon cocultivation1 To whom correspondence and reprint requests should be ad-
dressed. with HeLa T4 cells (Wells and Compans, 1990). Because
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of conditions used for purification of Env glycoproteins BstEII fragment of the original pSPSPGP plasmid (ob-
tained from Dr. Patrick B. Johnston, University of Alabamafrom baculovirus-infected insect cells, the preparations
obtained often contain denatured gp160, which has little at Birmingham) encoding the Gag-Pol region of SIV-
mac239 was treated with Bal31 exonuclease, then withimmunogenic activity (Moore et al., 1993). Nevertheless,
in some cases, as reported by Rusche et al. (1987), immu- Klenow polymerase, and subcloned in pGEM 11Z. After
sequence analysis, an EcoRI–BspHI fragment of the re-nization with a crude lysate of HIV-1 Env-expressing in-
sect cells produced high titers of virus-neutralizing and sulting pGEM-239-GP36 plasmid was transferred to pA-
cYM1 and a recombinant virus expressing the full-lengthfusion-blocking antibody in experimental animals.
The assembly of envelope proteins into HIV or SIV Gag precursor Gag p56 was selected as described be-
low. A recombinant baculovirus expressing the bovinevirus-like particles has not been reported previously us-
ing baculovirus expression systems, possibly because protease furin (Vey et al., 1994) under the control of the
polyhedrin promoter has been obtained by cloning theof limitations in the transport and surface expression of
the envelope glycoproteins. In this study we have ex- furin gene into the SmaI site of the plasmid pVL 1392.
plored possible conditions for Env glycoprotein assembly
Cotransfection and selection of recombinantinto virus-like particles (VLP) and investigated the re-
Autographa californica nuclear polyhedrosis virusquirements for SIV particle assembly and envelope incor-
(AcNPV) recombinants expressing SIV genesporation using the baculovirus expression system. We
have compared the use of alternate promoters which
Sf9 cells were transfected as described by O’Reily et
result in differences in the temporal pattern of protein
al. (1992) with a mixture of linearized AcNPV DNA (In-
expression and examined the transport and surface ex-
vitrogen, San Diego, CA) and the baculovirus transfer
pression of the full-length as well as the truncated form
vector DNA containing an SIV gene. The supernatant
of the Env protein. In addition, we have investigated the
was harvested 3 days after transfection and recombinant
effect of coexpression of the mammalian protease furin,
virus plaques, which did not contain occlusion bodies,
which has been implicated in proteolytic processing of
were selected by plaque assay. In each case 10–20
the HIV-1 envelope protein (Hallenberger et al., 1992).
potential recombinant plaques were screened by PCR
amplification, using a pair of primers corresponding to
MATERIALS AND METHODS the flanking polyhedrin sequences (O’Reily et al., 1992).
The forward primer has the sequence 5*d(TTT ACT GTTCells and viruses
TTC GTA ACA GTT TTG)3 * and the reverse primer,
Spodoptera frugiperda Sf9 cells were maintained in 5*d(CAA CAA CGC ACA GAA TCT AGC)3 *. Briefly, plaque
serum-free SF900 II medium (Gibco BRL) in suspension. picks were scaled up by infection of Sf9 cells in 96-well
Stirrer bottles with 50– 250 ml capacity were used to plates. Wild-type virus was used as a control. Cells were
grow cells and to produce virus stocks. Titers of stocks lysed by adding 200 ml of 0.5 N NaOH and neutralized
were determined by plaque assay (O’Reily et al., 1992). with 40 ml of 5 M ammonium acetate for each well at 2
days postinfection. Ten microliters of 1:10 dilution of the
Construction of recombinant transfer vectors lysate and a control of 100 ng of recombinant transfer
vector were used for PCR amplification. The size of PCR
Two AcMNPV transfer vectors were used: pAcYM1,
reaction products was determined on an agarose gel.
which facilitates the generation of occ0 recombinant vi-
Plaques that gave the same size fragment in the PCR
rus expressing a heterologous gene under the control of
reaction as the transfer vector, used for transfection,
the polyhedrin (Ppolh) promoter, and pc/pS1, in which
were subjected to three rounds of plaque purification.
expression is under the control of a hybrid capsid/polyhe-
Expression of SIV-specific proteins was confirmed by
drin promoter (Pcap/polh). The pc/pS1 plasmid was pro-
metabolic labeling and immunoprecipitation followed by
vided by Dr. Lois K. Miller (University of Georgia, Athens).
SDS–polyacrylamide gel electrophoresis.
A DNA fragment encoding the SIV envelope protein pre-
cursor gp160 was excised from the pTSE54 plasmid as Baculovirus infection, 35S radiolabeling,
described earlier (Ritter et al., 1993) and ligated into the immunoprecipitation, and SDS–PAGE
BamH1 site of pAcYM1, and into the SmaI site of pc/pS1.
To obtain a recombinant virus expressing a truncated Monolayers of Sf9 cells were infected with recombi-
nant baculoviruses at a multiplicity of infection (m.o.i.) ofform of the Env protein, a stop codon in position 8803
was transferred from plasmid pSpE3 */TMstop, kindly 10. When a combination of two or three recombinants
was used for coinfection, a m.o.i. of 10 was used for furinprovided by T. Kodama (Ritter et al., 1993), by exchanging
ClaI–BglII restriction fragments derived from this plas- and all Env-expressing recombinants, and a m.o.i. of 7
for Pr56gag. After 1 hr adsorption, the inoculum was re-mid with the corresponding full-length Env construct. A
recombinant baculovirus expressing full-length Pr56gag placed with SF900 II medium. At 18 to 24 hr postinfection,
cells were radiolabeled with 100 mCi of [35S]cysteine/was obtained using the pAcYM1 transfer vector. A KpnI –
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methionine per milliliter of methionine-deficient Sf900
medium for 1 hr and then chased for various times. For
continuous labeling, 50 mCi of 35S per milliliter of a mix-
ture of 75% met-deficient and 25% complete medium was
used. The medium was collected and cells were lysed
in RIP buffer (150 mM NaCl; 50 mM Tris–HCl, pH 7.5;
0.1% SDS; 1% Triton X-100; 1% sodium deoxycholate; 1
mM EDTA). The samples were preclarified by centrifuga-
tion and immunoprecipitated overnight at 47 with 1 ml of
SIV polyclonal antiserum from an infected rhesus ma-
caque (provided by Dr. P. Marx) and 10 ml of protein A – FIG. 1. Gag p56 expression and release into the media in a pulse-
agarose per 1 milliliter. The agarose beads were washed chase experiment. Sf9 cells were infected with the Gag p56 recombi-
nant baculovirus at a m.o.i. of 10 and pulse labeled with [35S]methioninethree times in RIP buffer and proteins were characterized
for 1 hr at 24 hr postinfection. All media (m) and cells as lysates in 1by SDS–polyacrylamide gel electrophoresis followed by
ml of RIP buffer (c) were collected after the pulse and at 10, 20, or 28autoradioautography.
hr chase and analyzed by immunoprecipitation as described under
Materials and Methods. In addition to the major Pr56gag band, several
Purification and analysis of VLP from insect cells high-molecular-weight polypeptides are observed which have not been
identified, but were not observed in cells infected with wt baculovirus.
Sf9 cells were infected with recombinant baculoviruses
at a m.o.i. of 10 for envelope-expressing recombinant and
at a m.o.i. of 7 for Gag-expressing recombinants. At 2 days blot, biotinylated proteins transferred to the nitrocellulose
postinfection, the medium was harvested, centrifuged at were probed with 1:2500 dilution of horseradish peroxi-
low speed (1000 rpm, 20 min, Beckman GPR centrifuge), dase-conjugated streptavidin (Fisher, Atlanta, GA) and
and VLP were pelleted through a cushion of 20% sucrose detected by enhanced chemiluminescence.
in PBS at 120,000 g for 2 hr. For large-scale preparations
VLP were concentrated on the top of a 60% sucrose cush- Electron microscopy
ion, diluted, and then loaded on a continuous 20–60% (w/
At 30 hr postinfection cells were fixed with buffered
v) sucrose gradient. After centrifugation for 3 hr at 39,000
1% glutaraldehyde for 30 min. The cells were postfixed
rpm (Beckman SW 41 rotor), 1-ml fractions were collected
for 1 hr with 1% osmium tetroxide, dehydrated with a
and analyzed. Finally, particles were recovered by diluting
graded ethanol series, and embedded for electron mi-
corresponding fractions 1:3 with PBS and pelleting at
croscopy in (EM)bed 812 (Electron Microscopy Services,
120,000 g for 1 hr.
Ft. Washington, PA). Thin sections were prepared on a
For Western blot analysis VLP pellets were resus-
Reichert ultramicrotome, mounted on 300-mesh copper
pended in SDS–PAGE loading buffer, and proteins were
grids, stained with uranyl acetate and lead citrate, and
separated on 8% polyacrylamide gels containing 0.1%
examined with a Philips CM10 electron microscope.
SDS and then electrophoretically transferred to nitrocel-
lulose membranes (Bio-Rad, Melville, NY). Membranes
RESULTS
were probed with a 1:2000 dilution of anti-SIV polyclonal
rhesus serum and with corresponding HRP-conjugated Expression and assembly of SIV Gag proteins
secondary antibodies. The bound anti-SIV antibodies
To investigate the synthesis and assembly of the SIV-
were detected by a color reaction (Sambrook et al., 1989)
mac239 Gag protein, Sf9 cells were infected with the
or by enhanced chemiluminescence as described by the
Gag p56 recombinant at a m.o.i. of 10 and radiolabeled
manufacturer (Amersham, Arlington Heights, IL).
with [35S]methionine at 24 hr postinfection. The synthesis
of Pr56gag and its release into the culture medium areBiotinylation of proteins on the cell surface
shown in Fig. 1. Significant amounts of Pr56gag were al-
ready detected in the medium in a 1-hr pulse, indicatingSf9 cells were infected as described above. At 17–25
hr postinfection cells were biotinylated by a procedure that the assembly and release of antigens in Sf9 cells
occur rapidly. By 20 hr, increasing amounts of Pr56gagsimilar to that described by Lisanti et al. (1988). Briefly,
monolayers of cells were washed three times with ice- released into the media were detected. We reproducibly
observed a decrease in the level of Pr56gag after chasecold PBS (pH 8.0) and treated with 0.5 mg/ml of sulfo –
NHS–biotin (Pierce) in PBS for 30 min on ice. To quench periods, indicating instability of the protein.
To further investigate the assembly of Pr56gag, Sf9 cellsthe reaction cells were incubated with Sf900 II media
supplemented with 10% fetal bovine serum for 10 min on were infected with the Gag p56 recombinant and exam-
ined by electron microscopy. As shown in Fig. 2A, bud-ice and then washed three times in PBS containing 20
mM glycine and lysed in RIP buffer. After immunoprecipi- ding of VLP was observed from the cell surface on the
second day postinfection. At 30 hr postinfection we ob-tation with anti-SIV antibodies, SDS–PAGE, and Western
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FIG. 2. Electron microscopy of Sf9 cells infected with the Gag p56 recombinant (m.o.i. of 10). (A) Budding of VLP from the cell surface on the
second day postinfection. (B) Particles released from the cells with the typical morphology of immature C-type retroviruses. (C) Core-like structures
in the cytoplasm of infected cells, some of which are multilayered. Magnification: (A) 110,000; (B, C) 77,000.
served particles with the typical morphology of immature some aberrant, multilayered core structures were ob-
served (Fig. 2C). These results are consistent with previ-C-type retroviral particles not only budding at the cell
surface, but also apparently released from cells (Fig. 2B). ous reports (Delchambre et al., 1989) which demon-
strated assembly and release of Pr56gag in cells infectedSome of the extracellular particles were observed to con-
tain electron-dense granules similar in appearance to with recombinant baculoviruses.
A two-step procedure was developed for purifica-cellular ribosomes, which represent an unusual feature
for assembly of retroviruses. Formation of core-like struc- tion of the VLP released from baculovirus-infected Sf9
cells, as described under Materials and Methods. Thetures was also found to occur within the cytoplasm of
infected cells. At higher magnification, in addition to core fraction with a density of 1.16 g/cm corresponded to
VLP. Even partially purified preparations of VLP ob-structures which appeared to be morphologically normal,
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tained after pelleting through a sucrose cushion were
found to consist mostly of the Pr56gag protein (not
shown). The total protein yield for such crude VLP
preparations was about 15 mg/109 cells, and about 1
mg/109 cells (1 liter of culture) was recovered after
further gradient purification.
Expression and processing of the SIV Env protein
It is known that the secretory pathways of insect cells
are heavily compromised at late times after baculovirus
infection and that this prevents normal processing and
secretion of some glycosylated proteins (Jarvis et al.,
1990). Possibly, difficulties with the transport of viral en-
velope proteins may occur for the same reason. There-
fore, expression under the control of an earlier hybrid
promoter may enhance the levels of processing and
transport of gp160 as compared with the very late polh
promoter. To compare the expression patterns of the SIV
Env glycoprotein, we used pulse-chase labeling experi-
ments. The envelope recombinants including rBV SIV En-
v(Ppolh) and rBV SIV Env(Pcap/polh) expressed the pre-
cursor gp160, whereas the recombinant rBV SIV En-
vt(Pcap/polh) expressed the gp160t protein with a
truncated cytoplasmic tail at high levels within cells (Fig.
FIG. 3. SIV envelope protein expression in pulse-chase experiments.3). In cells expressing SIV Env under control of the
Sf9 cells were infected with rBV SIV Env (Ppolh) (panel A), rBV SIVpolyhedrin promoter, the Env protein precursor gp160
Env(Pcap/polh) (panel C), or rBV SIV Envt(Pcap/polh) (panel E) at awas not efficiently processed and little or no protein was m.o.i. of 10 and radiolabeled for 1 hr with [35S]methionine at 24 hr
secreted into the culture media (Fig. 3A). In contrast, postinfection. Panels B, D, and F correspond to the same recombinants
expression of Env (Fig. 3C) or Envt (Fig. 3E) under the coexpressed with a recombinant rBV Furin which expresses the prote-
ase furin (m.o.i. of 10). Samples of cell lysates in 1 ml of RIP buffer (c)control of the hybrid Pcap/polh promoter resulted in a
and all media (m) were collected after the pulse and at 10, 20, and 30higher level of expression and more efficient processing
hr chase and analyzed by immunoprecipitation and SDS–PAGE as
of the precursor proteins to gp120 and its release into described under Materials and Methods.
the culture medium. Less than 1% of the envelope protein
was detectable as gp120 in the cells or medium at any
time point in Fig. 3A. With the hybrid promoter 40% of cells (Morikawa et al., 1993). Thus, it appears either
that gp160 is a poor substrate for the insect proteasethe envelope protein was found as cell-associated gp120
and 10% as gp120 in the medium at 30 hr chase. For or that the two proteins fail to interact in insect cells.
We have investigated the effect of coexpressing bo-Envt expressed with the hybrid promoter, 13% of the Env
protein was cell-associated gp120, and 9% was secreted vine furin with Env on processing of gp160 and the
expression of gp120 on the cell surface. Expressioninto the medium.
It has been reported (Kra¨usslich et al., 1993; Guo of the protease furin was confirmed by immunoprecip-
itation with a rabbit polyclonal antiserum against theet al., 1990) that cleavage of HIV gp160 is important
for its incorporation in virus particles and that infec- human furin protease. Two bands of 100 and 90
kb were detected in cell lysates and the product wastious HIV-1 virus normally contains only the pro-
cessed envelope glycoprotein. In mammalian cells in- stable up to 30 hr chase (54 hr postinfection) (data
not shown). The results of pulse-chase labeling ex-tracellular sorting results in the transfer of most un-
cleaved gp160 to lysosomes, where it is degraded, periments for Env recombinants coexpressed with
furin are shown in Fig. 3. We observed that coexpres-while the cleaved precursor is transported to the cell
surface and incorporated into the virus (Willey et al., sion with furin increases secretion of the processed
form of the SIV envelope protein upon expression in1988). Furin is a subtilisin-like protease which is
membrane associated and cleaves the HIV-1 enve- Sf9 cells for all recombinants. After the 30-hr chase,
a 2-fold increase in the level of secretion of gp120lope protein upon expression in mammalian cells
(Hallenberger et al., 1992). Although there is evidence was seen in Fig. 3D vs Fig. 3C, and a 4.5-fold increase
in Fig. 3F vs Fig. 3E. Therefore, the most effectivethat insect cells contain a furin-like protease (Kuroda
et al., 1986), gp160 of HIV-1 is not cleaved in these system for processing and secretion of the Env pro-
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sets of recombinants were used for coinfections and the
infected cells were continuously labeled for 2 days.
Lanes 1–6 show proteins immunoprecipitated from the
medium, and lanes 7–12 show the VLP pelleted through
a 20% sucrose cushion. No Env could be detected in the
VLP when pPolh was used to control expression. When
the Pcap/polh promoter was used for Env (lane 9) as
well as Envt expression (lane 11), the VLP preparations
were observed to contain the envelope protein, some of
which had undergone proteolytic cleavage. Coexpres-
FIG. 4. Surface biotinylation of Sf9 cells infected with rBV SIV En- sion with furin increased the level of secretion of gp120v(Ppolh) (lane 1), rBV SIV Env(pc/pS1) (lane 3), and rBV SIV Envt(pc/
into the media threefold for Env (comparing lanes 3 andpS1) (lane 5). Lanes 2, 4, and 6 show the result of surface biotinylation
4) and twofold for Envt (comparing lanes 5 and 6). Al-when the corresponding Env-expressing recombinants were coinfected
with a recombinant expressing the protease furin. Lane 7, control of though the recovery of total Env proteins in VLP was
wild-type AcMNPV baculovirus-infected cells; lane 8, coinfection of decreased in the presence of furin, the ratios of the gp120
wild-type virus with the furin-expressing recombinant. A m.o.i. of 10 was to the uncleaved precursor for both Env and Envt wereused for all recombinants. Biotinylation was done at 24 hr postinfection
increased. The percentages of cleaved Env protein werefollowed by immunoprecipitation, SDS–PAGE, and Western blot as
the following: lane 9, 32%; lane 10, 100%; lane 11, 24%;described under Materials and Methods.
lane 12, 37%. Interestingly, coexpression with Env in-
creased the release of the Gag in a pelletable form from
tein was the use of the hybrid promoter and coexpres- 47% (comparing lanes 1 and 7) up to 100% (comparing
sion with furin. lanes 6 vs 12 or 3 vs 9) when Gag and Env proteins were
expressed together.
Cellular localization of the Env protein It was previously reported (Kra¨usslich et al., 1993)
for expression in mammalian cells, and we observedUpon expression in mammalian cells the major frac-
upon expression in insect cells, that a fraction of thetion of the uncleaved precursor gp160 is transported to
Env glycoprotein can be released into the medium inand degraded within lysosomes. A small fraction of
membranous fragments especially later in infection.gp160 is cleaved by furin or a cellular protease of similar
It was therefore important to determine that our prep-substrate specificity to the surface gp120 and mem-
arations contain the Env protein specifically incorpo-brane-associated gp41 subunits which are transported
to the cell surface and incorporated into the virus. We
used surface fluorescence (not shown) and surface bio-
tinylation to determine whether the Env protein is trans-
ported to the cell surface and thus available for incorpo-
ration into VLP in insect cells. Our results show that Env
precursor and some gp120 appeared on the surface of
infected Sf9 cells between 17 and 23 hr postinfection
(Fig. 4). The total level of surface expression of Env was
1.9-fold higher when the earlier promoter was used (lane
3) and 2.6-fold higher with Envt expression (lane 5) in
comparison to Env expression under the pPolh promoter
(lane 1). The truncated form of the envelope glycoprotein FIG. 5. Comparison of the proteins released into the media (lanes
(lane 5) also shows a 1.5-fold higher level of the unpro- 1–6) and those incorporated into VLP (lanes 7–12) after infection with
different recombinants. Sf9 cells in 60-mm dishes were infected withcessed precursor on the cell surface than the full-length
the Gag p56 recombinant (m.o.i. of 7) and one of the Env expressingEnv (lane 3). Coexpression with furin increased the
recombinants (m.o.i. of 10) with or without the furin recombinant (m.o.i.amount of gp120 on the cell surface for all recombinants
of 10). Cells were continuously labeled starting from 24 hr postinfection
(lane 4, 70% increase over lane 3). as described under Materials and Methods. Media were collected at
3 days postinfection and preclarified at low speed. One milliliter of the
media was analyzed by immunoprecipitation, and the rest (3 ml) wasCoexpression of Env and Gag proteins
pelleted through a sucrose cushion, as described under Materials and
Methods. Lanes 1 and 7 show proteins immunoprecipitated from me-To determine optimal conditions for incorporation of
dium and pelleted material for Sf9 cells infected only with Gag p56;Env into VLP, we infected SF9 cells with the Gag p56
lanes 2 and 8, Gag p56 and rBV SIV Env(Ppolh); lanes 3 and 9, Gag p56recombinant and different Env-expressing recombinants
and rBV SIV Env(Pcap/polh); lanes 4 and 10, the same recombinants as
with or without furin expressed in trans. Figure 5 shows in lanes 3 and 9 coinfected with the furin recombinant; lanes 5 and
SIV-related proteins incorporated into VLP purified by 11, Gag p56 and rBV SIV Envt(Pcap/polh); lanes 6 and 12, the same
as in lanes 5 and 11 together with the furin recombinant.centrifugation through a sucrose cushion when different
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protein (lane 4) in the level of its incorporation in VLP
when coexpressed with the Gag precursor (lane 4 vs
5, 10-fold increase) as well as when coexpressed with
Gag and furin (lane 4 vs 6, 6-fold increase).
DISCUSSION
We have demonstrated that SIV virus-like particles
consisting of the Gag precursor protein as well as the
Env protein can be produced using a baculovirus expres-
FIG. 6. Comparison of the amount of Env protein secreted into the sion system. The production of defective lentivirus parti-
medium in pelletable form upon expression alone or coexpressed with cles was previously reported in several recombinant ex-
Gag p56. Sf9 cells in 60-mm dishes were infected with recombinant
pression systems, including vaccinia virus (Haffar et al.,baculoviruses expressing SIV Env or SIV Envt alone (lanes 1–3) or
1990), fowlpox virus (Jenkins et al., 1991), baculoviruscoinfected with the Gag precursor expressing recombinant (lanes 4–
6). Lanes 1 and 4, infection with rBV SIV Env(Pcap/polh) and furin (Delchambre et al., 1989; Luo et al., 1990), SV40 (Lee and
recombinants; lanes 2 and 5, infection with rBVSIV Envt(Pcap/polh); Linial, 1994), and in stable cell lines (Kra¨usslich et al.,
lanes 3 and 6, the same together with the furin recombinant. Cells 1993; Haynes et al., 1991; Rovinski et al., 1992). The ma-
were continuously labeled starting from 24 hr postinfection as de-
trix protein of retroviruses plays an important role in virusscribed under Materials and Methods. Media were collected at 3 days
assembly by directing the transport and membrane asso-postinfection and preclarified at low speed. Three milliliters of the me-
dia were pelleted through a sucrose cushion, and pelleted material ciation of the Gag precursor (Yuan et al., 1993; Zhou et
was analyzed by immunoprecipitation as described under Materials al., 1994) and is also critical for the incorporation of Env
and Methods. glycoproteins into virions (Yu et al., 1992; Wang et al.,
1993; Lee and Linial, 1994; Dorfman et al., 1994). Condi-
tions for targeted incorporation of Env into VLP in variousrated in VLP, rather than in membrane fragments
which may copurify with VLP. For this purpose, we recombinant systems appear to be very system and cell
type dependent. For example, transient cotransfection ofcompared the release of the Env protein in a pel-
letable form when expressed by itself or upon coinfec- plasmids directing HIV-1 Gag and Env expression did
not yield specific glycoprotein incorporation in one reporttion with Gag. Sf9 cells were infected with Env-ex-
pressing recombinants alone or coinfected with the (Kra¨usslich et al., 1993), but others were successful using
a similar approach (Dong and Hunter, 1993; Lee andGag p56 recombinant. After 2 days of continuous la-
beling, media were collected, preclarified at low Linial, 1994).
Passage of some lentiviruses in cell lines of differentspeed, and loaded onto a sucrose cushion. Figure 6
shows proteins immunoprecipitated from pelletable origin selects for preferential growth of viruses with a
premature stop codon in the cytoplasmic tail of the enve-material when Sf9 cells were infected with a recombi-
nant expressing Envt alone (lane 2), coinfected with lope glycoprotein (Hirsch et al., 1989). Truncation of the
SIV and HIV-2 envelope protein cytoplasmic domains oc-furin and Env recombinants (lane 1), or with furin and
Envt recombinants (lane 3). Lanes 5, 4, and 6 show curs upon propagation of these viruses in human cell
lines and significantly enhances the envelope proteinresults for the same sets of recombinants coex-
pressed with Pr56gag. Comparison of the protein pro- density on released particles as well as envelope-medi-
ated cell fusion activity (Mulligan et al., 1992; Ziegler andfiles of the pelleted material demonstrates that only
the Envt recombinant shows pelletable gp160t protein Littman, 1993; Spies et al., 1994; Ritter et al., 1993). In
the present study, we observed that a truncated form ofreleased in the absence of Gag, and all three recombi-
nants show greatly increased levels of pelletable Env the SIV Env protein was also transported more efficiently
to the cell surface and incorporated into VLP at higherproteins when coexpressed with Gag proteins.
When coexpressed with Gag, the total Env recov- levels in insect cells than the full-length Env protein. The
truncated Env proteins therefore appear to possess func-ered in a pelletable form was increased 1.7-fold for
Envt (comparing lanes 2 and 5) and 3-fold for Envt tional advantages even in the heterologous insect cell
system.coexpressed with furin (comparing lanes 3 and 6).
The resulting preparations of particles contained Cleavage of the Env protein by a cellular protease is
essential for the production of infectious virus (McCunesome gp120 even when furin was not present in the
system; however, furin results in more extensive et al., 1988; Guo et al., 1990; Kra¨usslich et al., 1993). In
some previous reports, only cleaved glycoproteins werecleavage of the envelope proteins. In lane 5, 53% of
the Env was present in an uncleaved form, whereas present in purified particles (Yu et al., 1992; Haffar et al.,
1990; Kra¨usslich et al., 1993; Haynes et al., 1991; Rovinskiin lane 6 only 25% remains in the uncleaved form. The
truncated Envt protein (lanes 5 and 6) shows signifi- et al., 1992). However, others have reported the presence
of precursor as well as processed forms of envelopecant advantages in comparison with the full-length
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